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The electronic and magnetic structures of orthorhombic perovskites RE–TM–O3 (RE = Eu, Gd, Tb and
RE = Mn, Fe, Co) are studied using ab initio density functional theory in the local density approximation
(LDA) with the on-site Hubbard Ueff parameter (LDA + U). To show rare earth (RE) and transition metal
(TM) cations effect, we have analyzed the structural parameters, charge and spin densities and partial
densities of states. We have also shown how the results can be made relatively sensitive to the choice
of cation and to ion size. Valence electronic structures obtained from subsequent LDA + U calculations
are compared and discussed.
 2012 Elsevier B.V. Open access under CC BY-NC-ND license.1. Introduction
Recently, intense research on experimental and theoretical
fronts have been focused on perovskite oxides RE–TM–O3 (RE rep-
resents rare earth and TM represents transition metal elements),
they have been extensively investigated due to their wide variety
in physical phenomena. Among these materials, we are interested
by the orthocobalites, orthomanganites and orthoferrite perovsk-
ites: RECoO3 compounds, which are subject of several works: elec-
trical and magnetic properties [1,2], the electrical conduction
mechanism and the observed insulator–metal (I–M) transition
[3–9], the large magneto-resistance [10], anomalies in magnetic
susceptibility [11,12], thermo-power [13–15] and thermal lattice
expansion [16]. The interest in cobalt oxides also stems from their
emerging applications as materials for solid-state fuel cells [17],
heterogeneous catalysts, oxygen membranes, and gas sensors
[18]. More recently, the multiferroic manganites REMnO3 have at-
tracted great scientiﬁc attention due to their manifestations of
intriguing and signiﬁcant coupling between the magnetic and elec-
tric order parameters [19–25]. On the other hand, the family of rare
earth orthoferrites REFeO3 is of considerable interest because of
their novel magnetic, optical and magneto-optical properties
[26–30].
We notice that, despite the similarity in composition (ortho-
rhombic structure) [31–33], the magnetic behavior of these mate-
rials has revealed noticeable differences attributable to differences
in the electronic shell structure of the transition metal and rare
earth ions which leads to a variety of applications as mentionedx: +213 48 54 11 52.
-NC-ND license.above. To our knowledge there are very few ab initio calculations
on the electronic and magnetic structures of these selected com-
pounds [34–37]. In this work, we have assembled the different re-
sults to try to understand and explain the effect of the cation on the
geometry and electronic structure of these materials.
It is known that strongly correlated systems are incorrectly de-
scribed by the standard approximations such as LDA and GGA in
particular in the presence of transition metal 3d and rare earth
4f-orbitals. So to minimize or overcome these limitations, we in-
clude a Hubbard U parameter for considering the Coulomb repul-
sion between the highly localized 3d/4f electrons and make a
large comparison between them. Interestingly, the RE–TM–O3
compounds possess complicated magnetic structures because the
open-shelled d and f electrons synchronously exist in these
systems.
This manuscript is planned as follows: Section 2 gives a brief
description of the method used in the calculations; Section 3 pre-
sents the analyses of the calculated results and in Section 4, we
are going to summarize what has been done in the previous
sections.2. Methodology
The calculations have been performed within DFT implemented
in the WIEN2k code [38]. The atoms were represented by hybrid
full-potential (linear) augmented plane-wave plus local orbital
(L/APW + lo) method [39]. In this method wave functions, charge
density, and potential are expanded in spherical harmonics within
no overlapping mufﬁn-tin spheres, and plane-waves are used in
the remaining interstitial region of the unit cell. In the code, the
core and valence states are treated differently. Core states are trea-
D. Mekam et al. / Results in Physics 2 (2012) 156–163 157ted within a multiconﬁguration relativistic Dirac–Fock approach,
while valence states are treated in a scalar relativistic approach.
The exchange–correlation energy was calculated using LSDA + U
approach [40]. Very carefully step analysis is done to ensure con-
vergence of the total energy in terms of the variational cutoff-en-
ergy parameter. At the same time we have used an appropriate
set of k-points to compute the total energy. We have computed
equilibrium lattice constants and bulk moduli by ﬁtting the total
energy versus volume to the Murnaghan equation [41]. The total
energy was minimized using a set of 36, 26 and 33 k-points in
the irreducible sector of Brillouin zone for the orthorhombic NM-
RECoO3, AF-G-REFeO3 and AF-A-REMnO3 compounds, respectively
and the value of 7 Ry for the cutoff-energy was used. We have
adopted the values of 2.5 bohr for rare earth elements, 2.0 bohr
for transition metal atoms and 1.6 bohr for O, as MT radii.
The unit cell in orthorhombic RE–TM–O3 (RE = Eu, Gd, Tb and
TM = Mn, Fe, Co) shows the Pnma symmetry (whereas, the Pbnm
setting is used in some other references, the standard Pnma orien-
tation is adopted in this paper, i.e., we choose b as the longest axis),
with strong distortions with respect to the ideal cubic perovskite.
The lattice parameters for all compounds were taken of Refs.
[26,34,42–45] and the coulomb potential U for the transition metal
3d and rare earth 4f-orbitals is ﬁxed about 8 eV.
RECoO3 compounds are found experimentally non-magnetic
while REMnO3 and REFeO3 adopt the following conﬁgurations:
anti-ferromagnetic-type A (AF-A) and G-type (AF-G), respectively,
as shown in Fig. 1..
.
.
.
.3. Results and discussion
Properties of RE–TM–O3 were calculated using the procedure
described in the preceding section. The results of these calculations
are discussed in what follows and focus on details related to the
evaluation of lattice constant, distortions, spin magnetic moments
and electronic structure to show the RE and TM-cations effect in
these systems. Our estimating value U is 8 eV to reproduce exper-
imental results and to provide an accurate description of RE–TM–
O3 compounds.Fig. 1. Crystal structure and magnetic conﬁgurations of the orthorhombic RE–TM–
O3 compounds: the AF-A phase at the top and the AF-G phase at the bottom.3.1. Structural analysis
Experimental lattice constants [26,34,42–45] for all orthorhom-
bic compounds were used and starting from experimental atomic
positions, we also calculated the inter-atomic distances, angles
and orthorhombic distortions. The distortion is deﬁned as follows
distorth ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃPða1  aÞ
p
a
ð1Þ
where ai = a, b and c/
p
2 and a¯ is the average of ai.
To have a better understanding of the cation effect, we have
presented the lattice parameters, TM–O–TM angles, TM–O inter-
atomic distances, and distortions in Fig. 2.
From this ﬁgure, we notice that the experimental lattice param-
eters (a, b and c) decrease going from Eu to Tb, i.e., by decreasing
the ionic radius of rare earth elements in all compounds studied
in this work except for RECoO3. Moreover, it is very clear that the
volumes also decrease when we change the transition metal atoms
in RE–TM–O3 perovskites.
We notice that the orthorhombic distortion in REMnO3 and
RECoO3 is due to the partial deformation of the octahedral network
since the condition b > c/
p
2 > a is conserved in these systems. In all
compounds, the octahedron is distorted signiﬁcantly with the TM–
O bond lengths (see Fig. 1). A short inter-atomic distance TM–O
leads to a less distorted perovskite structure with the TM–O–TM
open angles. The TM–O–TM ac-plane angle varies between: 146
and 151 for the Mn-based compounds, 146.5 and 148 for the.
.
.
.
.
Fig. 2. Lattice parameter, TM–O–TM angle, TM–O inter-atomic distance, and
distortion vs the rare earth and transition metal elements in RE–TM–O3 compounds.
Fig. 3. Contour plots of the valence–charge distribution of (a) REFeO3 compounds in (110) plane, (b) REFeO3 compounds in ab-plane of octahedron and (c) spin-density
contours of all anti-ferromagnetic compounds using LSDA + U approach.
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pounds. It is very clear from Fig. 2 that, when we increase the size
of the rare earth cation the deformation of the octahedra network
becomes smaller and this effect is manifested by the linearly
increasing average TM–O–TM bond angle. Moreover, it is of great
interest to study the evolution of the distortion of TMO6 octahedra
with the size of rare earth. In perovskites the distortion of the
structure can be assigned to active ions at the TM position. Because
of the small size of the RE ionic radius, RE–TM–O3 shows a distorted
perovskite structure which is in good agreement with the work of
Alonso et al. [46]. This distortion decreases from manganese to
cobalt.3.2. Electronic and magnetic analysis
Perovskites with rare earth and transition metal ions on the TM
site show an enormous variety of intriguing electronic or magnetic
properties. This variety is related to the complex character that
transition metal ions play in certain coordinations with oxygen.
As indicated in Fig. 1, we used the most stable magnetic conﬁg-
urations experimentally determined to exploit the different elec-
tronic and magnetic properties for all compounds selected in this
study. Therefore, RECoO3 compounds are found experimentally
non-magnetic and REMnO3 and REFeO3 adopt the anti-ferromag-
netic-type A (AF-A) and G-type (AF-G) conﬁgurations, respectively.
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Fig. 4. Total and partial densities of states of GdMnO3 compound using LSDA + U
approach.
Fig. 5. Electronic densities of states of (a) d-eg and d-t2g orbitals of transition metal elem
(xz) and d-(yz) using LSDA + U approach.
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[26,34,42–45] to ensure a proper electronic structure that facili-
tates comparison.3.2.1. Charge distributions and electron localization
To complete the property analysis of our selected compound, let
us investigate their bonding properties. We have shown in Fig. 3a
and b the valence charge density distributions of REFeO3 (RE = Eu,
Gd, Tb) and of GdTMO3 (TM = Mn, Fe, Co) compounds using
LSDA + U approximation.
As seen in this ﬁgure, the valence charge densities for all cases
are quite similar, with some smaller differences in the details. We
notice that RE–O bonding is of ionic nature since there are no elec-
trons in common between these atoms. On the contrary, the TM
and O had overlapping electron distributions between them, indi-
cating the covalent feature for the TM–O bonding. The covalent
character of the bonding is dominant and the build-up of bonding
charge along the TM–O bond direction is very strong.
The corresponding spin-density distribution in (110) plane is
shown in Fig. 3c. The majority of magnetic moments reside on
the 3d states of TM-cation which is the main contributor. From this
ﬁgure, we also notice that the spin magnetic moment decreases
going from Eu to Tb.3.2.2. Densities of states and band structures
Next, we discuss in details the electronic structure of ortho-
rhombic RE–TM–O3 compounds. In Fig. 4, we present the calculated
electron densities of states (DOS) of GdMnO3 compound to visual-
ize the contribution of each state near the Fermi level. This ﬁgure
proves that only 3d-TM and 2p-O states dominate this region.
The LSDA + U partial density of state (PDOS) calculated at the
experimental lattice constants and displayed in Fig. 5 reveals the
insulator character for all RE–TM–O3 compounds except for NM-
GdCoO3 compound, which presents a metallic character. As seenents, (b) px, py and pz-orbitals of oxygen element and (c) d-(z2), d-(x2  y2), d-(xy), d-
Fig. 5. (continued)
160 D. Mekam et al. / Results in Physics 2 (2012) 156–163in Fig. 5a and b, the key orbitals near EF are the O (2p) and TM (3d)
orbitals with the energy gap occurring in the middle of the TM (3d)
states. The outer electrons from the RE and TM atoms are trans-
ferred to complete the 2p shell of the oxygen atoms, resulting in
the nominal chemical formula of RE+3TM+3O32. Then, the elec-
tronic densities of states indicate that TM (3d) states are strongly
hybridized with the O (2p) and that hybridization is enhanced by
the distortion. It is important to compare the densities of states
of RE–TM–O3, so that differences are due to the replacement of
RE/TM atoms. In addition, the RE–O bonding interaction and the
smaller ionic radius of RE elements lead to the larger strain in
RE–TM–O3 that reduces some RE–O distances. Our calculationssupport the idea that the distortion is due to the TM-cation in
the oxygen cage and that the volume is constrained by the RE-cat-
ion repulsions with oxygen.
The densities of state in the case of AF-A-REMnO3 (RE = Eu, Gd,
Tb) materials are presented for only the spin-up case since they are
identical to those of the spin-down case that shows a topological
resemblance by using the LSDA + U approximation. The distribu-
tion of electrons remains the same one in all compounds, the
change lies mainly near the Fermi level (EF) that is largely
dominated by the 3d-Mn and 2p-O states. These materials are insu-
lators since they present large energy band gap values
[Eg(EuMnO3) = 2.059 eV, Eg(GdMnO3) = 2.613 eV, Eg(TbMnO3) =
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Fig. 6. Contribution of the Mn(3d) z2 and x2  y2 orbitals, to the band structure of REMnO3 (RE = Eu, Gd, Tb) compound using LSDA + U approach.
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162 D. Mekam et al. / Results in Physics 2 (2012) 156–1632.518 eV]. From these values, we can observe a mixture of states.
Our calculation shows that the spin magnetic moments on TM
(Mn, Fe and Co) atoms are very important. Of course, for REMnO3
the spin magnetic moments are found to be due to the transition
metal atoms [(EuMnO3 = 3.82 lB), (GdMnO3 = 3.754 lB) and
(TbMnO3 = 3.770 lB)] with almost no contribution from the RE
and O sites using LSDA + U approach (see Fig. 3b).
In the case of AF-G-REFeO3 (RE = Eu, Gd, Tb) materials, we notice
that the distribution of electrons keeps the same trend with large
band gap values [Eg(EuFeO3) = 3.691 eV, Eg(GdFeO3) = 3.898 eV,
Eg(TbFeO3) = 3.418 eV] compared to those of AF-A-REMnO3
(RE = Eu, Gd, Tb). In addition, the spin magnetic moments are de-
rived principally from the transition metal atoms with a spin mag-
netic moment of 4.327, 4.329 and 4.33 lB for EuFeO3, GdFeO3 and
TbFeO3, respectively. These quantities present the biggest values
among all the selected perovskites in this study.
The last series of NM-RECoO3 has the smaller band gap values of
2.294 and 2.165 eV for the respective insulators EuCoO3 and
TbCoO3 while GdCoO3 shows a metallic character by the presence
of overlapping bands at the Fermi level. This difference in proper-
ties may be addressed to the difference of the valence electrons of
transition metals i.e., TM-cation effect.
The splitting of the TM (3d) states in RE–TM–O3 compounds is
due to the combined effects of the crystal-ﬁeld, exchange, and
the Jahn–Teller (JT) distortion. JT distortion of the O octahedron
is understandable in view of the t2g3 eg1, t2g3 eg2 and t2g6 eg0 conﬁg-
urations of the Mn, Fe and Co-ions, respectively. Fig. 5a presents
the crystal-ﬁeld splitting between t2g and eg orbitals and the distor-
tion of the oxygen octahedron splits the eg bands into two orbitals:
z2 and x2  y2 (see Fig. 5c).
The absence of a mixed Mn valence determines the insulating
character of this phase; at the same time the Jahn–Teller characterof Mn3+ (t2g3 eg1) with a single eg electron with orbital degeneracy
is responsible for the JT deformation observed leading to an anti-
ferrodistorsive orbital ordering evidenced by the spatial distribu-
tion of the observed Mn–O bond lengths. It is known that the
Jahn–Teller effect is usually important for an odd occupancy level
of eg and it is very week in Fe3+ (t2g3 eg2) and Co3+ (t2g6 eg0). For
REMnO3 perovskites, the splitting between z2 and x2  y2 orbitals
is clearly seen in Fig. 6, which shows the dominant orbital contri-
bution to the band structure. This observation can be considered as
an argument for why REMnO3 compounds show a highly distorted
perovskite structure.
4. Conclusions
To summarize, this comparative study is based on the evolution
of the structural parameters of RE–TM–O3 (RE = Eu, Gd, Tb and
TM = Mn, Fe, Co) perovskites, and aims to provide basic frame-
works for the systematic understanding on these systems. We
can conclude that for the orthorhombic perovskites in general,
hybridization between the TM-cation and O is essential to weaken
the short-range repulsion and allow the distortion. In addition, the
RE-cation can modify the ground state and nature of the transition
by hybridizing with the valence state, leading indirectly to changes
in the TM–O interactions. Furthermore, we noted that if the size of
the RE ions becomes smaller, the crystal structure is more distorted
which will change the spin-exchange energies and modify the
magnetic properties accordingly.
References
[1] Raccah PM, Goodenough JB. Phys Rev 1967;155:932.
[2] Bhide VH, Rajoria DS, Ramma Rao G, Rao CNR. Phys Rev 1972;6:1021.
D. Mekam et al. / Results in Physics 2 (2012) 156–163 163[3] Rao CNR, Bhide VG, Mott NF. Philos Mag 1975;32:1277.
[4] Rao CNR, Parkash OM. Philos Mag 1977;35:1111.
[5] Casalot A, Dougier et P, Hagenmuller P. J Phys Chem Solids 1971;32:407.
[6] Rajoria DS, Bhide VG, Rama Rao G, Rao CNR. J Chem Soc, Faraday Trans 2
1973;70:512.
[7] Thornton G, Morrison FC, Partington S, Toﬁeld BC, Williams DE. J Phys C: Solid
State Phys 1988;21:2871.
[8] Tokura Y, Okimoto Y, Yamaguchi S, Taniguchi H, Kimura T, Takagi H. Phys Rev
B: Condens Matter 1998;58:1699.
[9] Morimoto Y, Takeo M, Liu XJ, Akimoto T, Nakamura A. Phys Rev B: Condens
Matter 1998;58:13334.
[10] Briceno G, Chang H, Sun X, Shultz PG, Xiang X-D. Science (Washington)
1995;270:273.
[11] Zobel C, Kriener M, Bruns D, Baier J, Gruninger M, Lorenz T. Phys Rev B:
Condens Matter 2002;66:020402.
[12] Caciuffo R, Rinaldi D, Barucca G, Mira J, Rivas J, Senaris-Rodrigues MA, Radaelli
PG, Fiorani D, Goodenough JB. Phys Rev B: Condens Matter 1999;59:1068.
[13] Maignan A, Caignaert V, Raveau B, Khomskii D, Sawatsky G. Phys Rev Lett
2004;93:026401.
[14] Berggold K, Kriener M, Zobel C, Reichl A, Reuther M, Muller R, Freimuth A,
Lorenz T. Phys Rev B: Condens Matter 2005;72:155116.
[15] Moon J-W, Seo W-S, Okabe H, Okawa T, Koumoto K. J Mater Chem
2000;10:2007.
[16] Kriener M, Braden M, Sneff D, Zabara O, Lorenz T. J. of Magnetism and
Magnetic Materials 2007;330:e187–9.
[17] Takeda Y, Ueno H, Imanishi N, Yamamoto O, Sammes N, Phillips MB. Solid
State Ionics 1996;86-88:1187.
[18] Michel CR, Sago AS, Guzman-Colin H, Lopes-Mena ER, Lardizabal D, Buassi-
Monroy OS. Mater Res Bull 2004;39:2295.
[19] Lottermoser T, Lonkai T, Amann U, Hohlwein D, Ihringer J, Fiebig M. Nature
(London) 2004;430:541.
[20] Cheong SW, Mostovoy M. Nat Mater 2007;6:13.
[21] Kimura T, Goto T, Shintani H, Ishizaka K, Arima T, Tokura Y. Nature (London)
2003;426:55.
[22] Spaldin NA, Fiebig M. Science 2005;309:391.[23] Lin TH, Shih HC, Hsieh CC, Luo CW, Lin J-Y, Her JL, Yang HD, Hsu C-H, Wu KH,
Uen TM, Juang JY. J Phys: Condens Matter 2009;21:026013.
[24] Schmidt R, Eerenstein W, Midgley PA. Phys Rev B 2009;79:214107.
[25] Cheong S-W, Mostovoy M. Nat Mater 2007;6:13.
[26] Blasco J, Stankiewicz J, Garcia J. J Solid State Chem 2006;179:898.
[27] Pasternak MP, Xu WM, Rozenberg GKh, Taylor RD. Mater Res Soc Symp Proc
2002;718:D2.7.1.
[28] Luo SJ, Li SZ, Zhang N, Wei T, Dong XW, Wang KF, Liu J-M. Thin Solid Films
2010;519:240.
[29] Zhou J-S, Goodenough JB. Phys Rev B 2008;77:132104.
[30] Singh N, Rhee JY, Auluck S. J Korean Phys Soc 2008;53:806–11.
[31] Glazer AM. Acta Crystallogr, Sect B: Struct Crystallogr Cryst Chem
1972;28(3384).
[32] Woodward PM. Acta Crystallogr, Sect B: Struct Sci 1997;53:32. 1997;53:44.
[33] Aleksandrov KS, Bartolome J. Phase Transitions 2001;74:255.
[34] Chen JM, Chou TL, Lee JM, Chen SA, Chan TS, Chen TH, Lu KT, Chuang WT, Sheu
H-S, Chen SW, Lin CM, Hiraoka N, Ishii H, Tsuei KD, Yang TJ. Phys Rev B
2009;79:165110.
[35] Ren CY. Phys Rev B 2009;79:125113.
[36] Picozzi S, Yamauchi K, Bihlmayer G, Blügel S. Phys Rev B 2006;74:094409.
[37] Singh N, Rhee JY, Auluck S. J Korean Phys Soc 2008;53:806.
[38] Blaha P, Schwarz K, Madsen GKH, Kvasnicka D, Luitz J. WIEN2K⁄ an augmented
plane wave plus local orbitals program for calculating crystal
properties. Vienna: Vienna University of Technology; 2001.
[39] Sjöstedt E, Nordstrom L, Singh DJ. Solid State Commun 2000;114:15.
[40] Anisimov VI, Zaanen J, Andersen OK. Phys Rev B 1991;44:943.
[41] Murnaghan FD. Proc Natl Acad Sci. USA 1944;30:5390.
[42] Wang W-R, Xu D-P, Su W-H, Ding Z-H, Xue Y-F, Song G-X. Chin Phys Lett
2005;22:2400.
[43] Alonso JA, Martínez-Lope MJ, de la Calle C, Pomjakushin V. J Mater Chem
2006;16:1555.
[44] Liu X, Jin M, Zhang C. J Appl Phys 1992;71:5111.
[45] Marezio M, Remeika JP, Dernier PD. Acta Crystallogr B 1970;26:2008.
[46] Alonso AJ, Martinez-Lope MJ, Casais MT, Fernandez-Diaz MT. Inorg Chem
2000;39:917.
